In this article the authors review some of the basic of metal clusters, the physics behind, fabrication, and the validity of Jellium model to describe this family of clusters.
In this work, cluster-beam machines have designs based on patterns developed years ago in the classic atomic-and molecular-beam experiments. The principal components are the cluster source, supersonic nozzle, collimating slits, interaction regions and mass-selective detector. The clusters are condensed from vaporized metal during cooling in the supersonic nozzle, through which the clusters are carried by a jet of inert gas at high pressure. Vaporization is accomplished by direct heating or by exposing a piece of metal to intense laser radiation. The collimating slits define a path that, if followed by the beam, leads to detection. The interaction regions may contain one or several of the following: static electric or magnetic fields; scattering agents such as electrons, neutral or ionized atoms, molecules or clusters; chemical reagents; or electromagnetic radiation ranging from microwaves or IR to UV. The degree of deflection of the cluster beam by applied electric or magnetic fields in the interaction region is a measure of the interaction strength. Such bottom-up method for fabrication of clusters has the advantages of obtaining a narrow cluster size distribution. Different experimental data on a variety of metallic clusters suggest the stability of closed shell clusters with a certain number of atoms, referred to as "magic numbers"(mass abundance spectra, ionization measurements, photoelectron spectroscopy, static electric polarizability, plasma resonance frequency, fragmentation and chemical reactivity experiments). The shell effect was found to be electronic in origin (Ionization measurements, photoelectron spectroscopy). The experimental data suggests no metal-insulator transition occur upon reducing the number of atoms in the clusters (photoelectron spectroscopy and static electric polarizability measurement).
The Jellium model:
One of the models that have been used to best study the metal clusters is the Jellium model. However, the Jellium model is best suited to metal cluster which composed of atoms that prefer metallic bonds formed by itinerant electrons, like sodium Na. Also, in some cases the Jellium model can be applied to larger clusters of certain material and fail to describe the smaller ones of the same material, like the case of Mg and Al. The Jellium model was first verified in a study of abundance spectra of Na clusters. The model explained why certain cluster sizes are more stable and dominate the experimentally observed spectra. The numbers of atoms in these favored clusters were referred to as "magic numbers," and these numbers were shown to be a direct consequence of the electronic shell structure of the clusters. Hence, for free-electron-like metallic clusters, it is the energy of the itinerant electrons that dominates in determining the clusters' stability. In this picture, the energy associated with the positions of the atomic cores determines the internal structure of the cluster, but this structural energy accounts for only a perturbation on the overall electronic energy. The Jellium model replaces the ions with a uniform positive background and ignores the discrete ionic structure (structureless solid). The valence electrons are then confined by this positively charged background. The positive background charge density (+e?Ú 0) is canceled by an electronic contribution (-e?³0) to fix the charge neutrality. The system is then characterized by the electron gas parameter, rs, which is is the radius of a volume per electron measured in units of the Bohr radius a0. Hence, Where N is the total number of electrons (equal to the total number of atoms in case of monovalent metals) and ?x is the volume of the solid. The total energy (kinetic, exchange, and correlation) is then given by:
This expression for the energy is accurate as rs approaches zero and for large solids. However if surface effects is to be taken into account other factors have to be considered. Confinement of the Jellium and the electrons to spherical or ellipsoidal regions leads to shell structure. Some simple quantum models illustrating electronic shell structure are depicted in the figure below. For a three-dimensional harmonic oscillator model, the energy levels are equally spaced. When degeneracies are included in this model, there is shell structure in the electronic energy-level occupation; that is, degenerate levels are separated by wide gaps. A similar result is found for a three dimensional square-well potential, but with unevenly spaced energy levels.
A model that gives results similar to those found in self-consistent Jellium calculations is intermediate between the harmonic oscillator and square well models. In this model the energy levels are characterized by principal and angular momentum quantum numbers (n,l). However, unlike in the model for atoms, where l must be less than n, in this case there is no restriction on the relative values of l and n because the potential is not of the Coulomb form. The successive energy levels (and their degeneracies) for the intermediate model are 1s (2), 1p (6), 1d (10), 2s (2), 1f (14), 2p (6), 1g(18), 2d(10), 3s (2), 1h (22), 2f(14), 3p(6), 1i (26), 2g(18). Hence, as electrons fill the shells, closings occur for total electron numbers 2, 8, 18, 20, 34, 40, 58, 68, 70, 92, 106, 112, 138, 156 and so on. In clusters of alkali or noble metals each atom contributes one electron, and shell closures occur for clusters containing the numbers of atoms in this series. Total energies should be low for clusters having these "magic numbers," and hence clusters of these sizes are expected to be particularly stable. The Jellium calculation of the total energy yields dips at the magic numbers as compared to the mass abundance spectra and this was the first confirmation of the validity of Jellium model for metal clusters. For open-shell configurations (ellipsoidal, etc) a distortion parameter has to be included and an energy shift occur and this shift can be used to estimate the shape of the clusters.
The Jellium model assumes that the valence electrons in the clusters are itinerant and interact with a spherically symmetric positive-charge distribution. However, despite screening effects, the electrostatic potential arising from the discrete ions in a cluster of an element such as Na is not expected to be spherically symmetric. Hence, the energy shells and degeneracies given by a spherical Jellium should be modified by crystal-field effects. Also, some calculation demonstrated that shell structure still exists in some simple heteroclusters (like Na6Mg) and that the electrons are delocalized.
In clusters, properties such as ionization potentials, polarizability, optical properties and plasma resonance are best described in terms of excited states. The local density approximation is usually used to investigate the excited state properties of solids. Because neutral clusters are ionized to make detection possible, knowing the ionization potential is central to the detection process in many experiments. The ionization potential of a cluster can be viewed as analogous to the ionization potential of an atom or the work function of a solid. The local-density approach for atoms gives poor agreement with experimental values of the ionization potential. Things improve when one includes ad hoc corrections to the exchange and correlation potentials. Another approach is to associate the ionization potential with the difference in energy between the local-density values for a cluster of size N and one of size N-1. There is reasonable agreement between these two methods, and both reproduce the experimentally observed shell structure. However, the calculated discontinuities in the ionization potential spectra are larger than those observed experimentally. Also, because the polarizability depends on energy splitting between the ground and excited states, it is felt that the inaccuracy of excited-state spectra is responsible for the lack of agreement with experiment. An approach for calculating excited states has to be developed in order to accurately describe the excited state properties of clusters.
